Abstract-In order to solve the problem that with the interference of on-site GIS to PD signals, the type diagnosis and fault location of insulation defect are affected. This paper proposed a new morphological filtering algorithm based on morphological filtering theory is proposed, which combines the basic operations of erosion, dilation, morphological open and morphological close and constructed a new combined morphological filter algorithm for GIS signal de-noising. Through filtering the simulated noised PD pulse, the results showed that morphological filtering can not only remove white noise effectively, but also suppress the narrowband interference effectively. Three sets of evaluation indexes are introduced and compared with the wavelet de-noising method, and the effectiveness of morphological filtering in suppressing noise and extracting PD pulse is verified.
INTRODUCTION
PD detection is an important research topic in the insulation diagnosis of power equipment. PD is not only a sign of insulation aging of power equipment, but also the main reason for further deterioration of insulation. Through PD detection, the insulation condition of equipment can be effectively grasped to avoid the occurrence of failure. However, there is always a strong external interference in the field, so that the detected PD signals often contain interference components. Among the interference components, the mixed interference including the periodic interference and white noise is relatively strong, and can even submerge PD signals. In addition, it is very important to locate the discharge source quickly and accurately after discovering the existence of the PD, which is very important for the safe operation of the system.
Mathematical Morphology (MM) [1] [2] [3] is a typical non-linear signal processing method developed in recent years. The theory was founded in the mid-1960s by Matheron and Serra, mathematicians at the Paris School of Mines. MM has some obvious advantages over other time-domain or frequencydomain image processing and analysis methods. It can effectively filter out noise with morphological operators while preserving the original information. In the various operations in MM, the choice of structural elements is very essential to the ability to effectively suppress the noise and extract the signal. Morphology has been widely used in image signal processing, medical imaging diagnosis and medical magnetic resonance and mechanical vibration signal noise reduction and other fields. With the help of the above research, scholars at home and abroad have begun to apply MM to signal analysis of power systems. The main applications are using MM to denoise the MOA leakage current monitoring signals, using MM to detect the mutation signal of power systems, using MM and the short window power algorithm to detect and locate the power quality disturbances while eliminating random and impulse noises, using MM to solve the problem of noise pollution in the collected on-site data and eliminate DC bias, applying MM to the study of harmonic detection of power system and the combination of wavelet transform, fractal theory and neural network, using MM to de-noise the PD signals. These applications have all achieved good results.
Based on the above research, this paper constructs a new cascaded morphological filtering method to de-noise and filter the PD signal of GIS.
II. MM FILTERING PRINCIPLE
MM is used as a nonlinear filtering technique. It uses the waveform information of the signal to design a "probe" called a structural element. By continuously moving the probe in the signal, useful information can be extracted for the entire signal waveform to achieve the purpose of extracting the signal, preserving details and suppressing the noises . Morphological transformation is generally divided into binary transformation and multivalued transformation. Multivalued transformation is also called grayscale transformation. Since PD signals are onedimensional signals, this chapter only discusses the multivalued morphological transformations in the case of onedimensional discrete signals, including erosion, dilation, morphological open and morphological close, as well as the combined filter cascaded by morphological open and morphological close.
A. Erosion and Dilation
Erosion and dilation are two basic MM operations. Dilation is the dual operation of erosion, which can be defined as the erosion calculation of the complement of the image. They are defined as follows: 
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The function f is eroded by the structural element k as:
Erosion is a shrink operation to the signal, so the signal value fΘk after erosion is always less than the original signal f. The erosion value (fΘk)(m) of the signal f at point m can be obtained by the following procedure: a) Determining the structural element values at point m.
b) The original signal minus the structural element value. c) Take the minimum value of each value.
2) Dilation:
The function f is dilated by the structural element k as:
 
Dilation is an expansion operation to the signal, so the signal value f⊕k after dilation is always greater than the original signal f. The dilation value (f⊕k)(m) of the signal f at point m can be obtained by the following procedure: a) Determining the structural element values at point m after negation. b) Add the original signal and the value of the structure element. c) Take the maximum value of each value.
B. Morphological Open and Morphological Close
In the morphological treatment, in addition to the two basic operations, there are morphological open and close operations cascaded by erosion and dilation. These two operations are the most important operations, or transformations, in mathematical morphology. Morphological open is defined as the signal is first eroded and then dilated. Morphological close is defined as the signal is first dilated and then eroded [4] [5] [6] .
The morphological open and close operations of f(n) with respect to k(n) are defined as: 
FILTERING RESULTS OF ERODE, DILATION AND OPEN FOR SIGNAL WITH POSITIVE AND NEGATIVE PULSE INTERFERENCES
The open operation on the data is equivalent to moving the structure element down the signal. The result of the open operation is the maximum value of the structural element at that point. Similarly, the closing operation is equivalent to the structural elements in the data above the move. The result of the close operation is the minimum value of the structural element at that point.
The results of open and close operations are affected by the shape of the structure element. The shape of the structure element should be designed specifically according to different signal waveforms which required processing. For example, after using a flat structure element of length M to process the open operation, the original signal no longer contains the peak whose length is less than M-1 (positive pulse interference). Similarly, after using the structure element to process the close operation, the original signal no longer contains the trough whose length is less than M-1 (negative pulse interference). Then positive and negative pulse interference are removed.
C. Selection of Structural Elements
The role of structural elements in morphological operation is equivalent to a filter window. Its shape and size will have a direct impact on the result of operation. In the process of noise suppression, the integrity of the signal should be ensured, that is structural elements should be designed according to the different characteristics of the signal and noise waveform information. Structure elements have three key factors: shape, width and height. The shape should be determined from the original signal waveform. The waveform features of the selected structural element should be as similar as possible to the PD signal waveforms to reduce distortion of the signal. The main shapes are linear, curve (quadratic, cubic, etc.), triangular, circular and polygonal. The width and height are determined by the single pulse time width and signal sample rate in the signal. However, the open operation results in a slight distortion near the positive and negative half-cycle peak in the original pulse, another result of suppressing the spike by using the dilation or erosion operation alone is not satisfactory while morphological close operation can filter out spikes better. However, similar to the open operation, the close operation also results in a slight distortion near the positive and negative half-cycle peak in the original pulse.
In order to solve the above problems, a new combined morphological method is proposed to synthesize the filter results by cascading the morphological open and close filters. In the filtering process, through optimizing the structural elements, the method can overcome the above shortcomings and obtain better filtering results.
III. CONSTRUCTION OF NEW MORPHOLOGICAL FILTERING ALGORITHM
For the white noise and narrow-band interference signals contained in the PD signal, a new cascaded filter algorithm is proposed in this section based on the morphological open filter and the morphological closed filter. The function of the algorithm includes two parts: suppressing noise and eliminating narrow-band interference signal. The block diagram of the algorithm is shown in Figure II In the noise suppression section (A shown in Figure II It should be noted that in the suppression of narrowband interference part of the first group of channel processing, two different structural elements need to be designed to eliminate the noise generated by the suppression of crests and troughs. The structural elements are also determined by PD pulses. The pulse duration is T seconds and the sampling rate is S Hz, then the pulse width T × S. Test results show that the open structure length L must be much larger than T × S, while the length of the closing operation structure element for eliminating the trough can be taken as 2L.
IV. SIMULATION ANALYSIS
In contrast to narrowband interference, PD signals are nonstationary, non-linear signals with oscillatory attenuation. When a PD pulse is generated inside the power plant and propagates from the discharge source to the sensor, a large attenuation and oscillation are generated due to the capacitive and inductive effects of the sensing path. Therefore, SingleExponential Attenuating and Oscillating Waveform (SEAOW) and Double-Exponential Attenuation and Oscillation Waveform (DEAOW) can be used in the simulation of PD signals. In order to verify the effect of the designed morphological filter, two sets of single-exponential oscillation decay model and two sets of double-exponential oscillation decay model were selected as the simulation PD signals. In order to verify the effect of the designed morphological filter, two sets of single-exponential decay model and two sets of double-exponential decay models were selected to simulate the PD. Simulation parameters are shown in Table I . The data sampling rate is 20MHz. In order to verify the effect of cascaded morphological filtering algorithm, the wavelet with the generating function of db8 is selected, and morphological filter and wavelet filter are applied to PD pulse containing white noise and narrowband periodic interference. Figure III (b) shows the results of wavelet de-noising. It can be seen that although the wavelet has a very strong suppression effect on the white noise, it is not effective to suppress the narrow-band periodical interference. To further quantify the effect of morphological filtering, three kinds of evaluation indexes were introduced to analyze the signals before and after filtering. The results are shown in Table II . As can be seen from Table II, the morphological filtering method is superior to the wavelet de-noising method in terms of the average error d 1 , the root mean square error d 2 and the maximum error d 3 . At the same time, the validity of the morphological filtering method in PD signal processing is verified.
V. CONCLUSION
Based on the theory of mathematical morphological filtering, combining with the basic operations of erosion, dilation, shape opening and shape closure, this paper constructs a new combined morphological filtering algorithm for the de-noising of GIS PD signals.
1) According to the difference of white noise and narrowband interference pulse width, structural elements with different lengths are chosen respectively to suppress the interference signal, and high precision can be obtained. At the same time, in order to achieve a better match with the pulse signal to be extracted, the triangular structure element is selected to process the PD pulse signal to achieve the purpose of suppressing noise and extracting the useful signal characteristics.
2) The results show that morphological filtering can not only remove white noise effectively, but also can suppress the narrow -band interference effectively. Three sets of evaluation indexes are introduced and compared with the wavelet denoising method and the effectiveness of morphological filtering in suppressing noise and extracting PD pulse is verified.
